Measurements on the electrical characteristics of cells have been used successfully in the past to detect many different physiological events such as muscle contractions, heart beats, respiration, blood flow, blood clotting, and enumeration of the number of cells in a blood sample (3, 5, 10, 11, 12) . Schwan (11) pointed out that biological materials in suspension exhibit capacitance changes as a function of applied frequency. The concept of impedance (usually denoted by the symbol Z and readily manipulable by the rules of vector algebra) represents the total linear opposition to the flow of a sinusoidal alternating current in a circuit containing resistance, inductance, and capacitance (the latter two together are termed the reactive part of the circuit). Therefore, Z can be represented by the ratio between the voltage (E) and current (1) or Z = EII. Thus, any alteration in the components of the current will alter the voltage current relationship and result in an impedance change. Differences from one type of material to another are most pronounced at low frequency (10) . These same characteristic variations have been found in bacterial suspensions (3) . It Microbiol. 1974, E42, p. 8) . A rapid method is needed for screening urine cultures from patients suspected of a bacteriuria that eliminates the time involved in plate counts or the accumulation of a measurable amount of metabolites. Kass (7) has defined a bacteriuria as a urinary tract infection in patients having 105 (or greater) organisms per ml of urine. A rapid detection system should be capable of distinguishing at least this concentration, if not a lower one. Therefore, it was decided to test the possibility of using the electrical characteristics of bacterial suspensions as a screening mechanism for rapidly determining the number of organisms in urine specimens as well as other fluids.
MATERIALS AND METHODS Instrumentation. The configuration and mechanical features of the device and measuring electrodes are illustrated in Fig. 1 An Exact Model 120 waveform generator supplied a square-wave input alternating current at 20 V peakto-peak. There was less than 20% second-harmonic distortion over a frequency from 1 to 10 kHz and the wave had a constant shape and amplitude within this range. The voltage meter, a Textronix (type 502-A) oscilloscope, has a high input impedance (100 kQ). It also has a band pass which will permit voltage readings to be taken within the input frequency range without distortion. The (-) terminal of the signal generator was floating with respect to ground and the reference terminal of the oscilloscope was grounded. The wires from the signal generator were attached to the two outer electrodes whereas the wires from the inner ones were attached to the oscilloscope. The electrodes were made of spring stainless-steel (1.25 mm in diameter) and were arranged as shown in Fig.  2 . Measurements were made on the peak-to-peak output voltage between the center probes. Five-milliliter samples were used for all determinations.
Cultures. Escherichia coli K-12 was used for the majority of these experiments. The other strains tested were Pseudomonas aeruginosa ATCC 9721, Staphylococcus aureus ATCC 12600, and Bacillus cereus. The organisms present in urine specimens were not identified. Bacterial cultures were grown on a rotary shaker at 37 C for 24 h in antibiotic medium no. 3 (Difco). The cells were washed two times with distilled water on 0.45-gm membrane filters, resuspended aseptically in distilled water, and thoroughly agitated to break up the clumps. This stock suspension was then diluted to desired concentrations.
Urine specimens were obtained from the clinical microbiology laboratory of the University of Texas System Cancer Center, M. D. Anderson Hospital and Tumor Institute at Houston. Specimens were prefiltered through 8-Am membrane filters to remove leukocytes, erythrocytes, and other debris. The bacteria were then washed as usual on the membrane filters and resuspended in distilled water. Spread plate counts on plate count agar (Difco) were made with all bacterial suspensions.
RESULTS AND DISCUSSION Schwan (11) and Cole and Curtis (3) reported that biological materials and bacteria in suspension exhibit capacitance (C) and resistance (R) changes as a function of applied frequency. Therefore, a square-wave pulse train applied to cells in suspension across an impedance bridge could provide a measure of cell concentration by way of the (RC) time constant of the media. The applicability of this approach was tested at various frequencies, arrangements of electrodes, and cell concentrations.
Probe arrangement. Several different electrical connections were tried with the tetrapolar probe. The input voltage from the generator is represented by (+) and (-). The arrangement shown in Fig. 1 , (+) (=L) (a) (-) (singleended input to the oscilloscope with the probe next to the positive input probe grounded [4 is ground connection]) in which the signal generator wires were connected to the outer electrodes and the wires from the internal electrodes were attached to the oscilloscope, gave the highest resolution. The data presented in Fig. 3 and 4 were obtained using this arrangement. The mechanical features of the pi had little effect on the resolution. E distances between the steel probes wei as 0.5 mm, it was possible to distin tween a two-log change in concentra only effect of probe separation was frequency and a small decrease in resolution with the concentrations containing 103 and 105 cells per ml. The depth that the probes were inserted into the sample had no appreciable effect on the steady-state readings. It was noted however, that upon complete submersion, the time constant of the transient response increased as a function of the distance between the probe and the surface of the sample. It was thought that this phenomenon might be due either to polarization of the electrodes or to gas concentration gradients formed between the probes and surface of the media due to the high input voltage of 20 V (peak-to-peak). To avoid resolution this possibility, 5 ml of sample was used and the eofu E. coliinput voltage reduced to 10 V peak-to-peak.
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Because of the complexities of the system, no P, peak-to-attempts were made to determine the relative amounts of resistance or capacitance. Platinum probes were also tested, but did not give as good a resolution as the steel ones. Geddes and Baker A°( 5) have an excellent discussion on impedance bridges containing dipolar or tetra-polar electrodes. The impedance instrument in this report has tetra-polar electrodes. Two other instruments ( negative Electrical measurement of bacteria. Electrical measurements were recorded using robe itself washed cells of E. coli which were resuspended yven when in distilled water to concentrations ranging re as small from 103 to 109 cells per ml. Over 80% of the cells iguish be-were recovered after washing. As can be seen in ttion. The Fig. 3 , the resolution between these concentraa shift in tions increased with increasing frequency to a VOL. 1, 1975 27 maximum at 10 Hz and thereafter decreased rapidly. For example, no differentiation was noted between 103 cells per ml and the water reference at 50 or 100 Hz, whereas 107 and 10' cells per ml gave almost the same reading at the latter input frequency. The data obtained when concentrations of E. coli ranging from 103 to 109 cells were tested at the maximal resolution frequency is plotted in Fig. 4 . Here, experiments were done on different days to observe variations in the procedure. As can be seen, the results were very consistent.
The possibility existed that the size, shape, or surface characteristics of the bacteria might play a role in impedance measurements which would change the relationship between concentration and output voltage. Therefore, organisms with different shapes, sizes, and flagellar arrangements were tested. It made no difference whether S. aureus, P. aeruginosa, or B. cereus was used; the curves obtained were similar to those of Fig. 3 (6, 8, 9) have also noted the prevalence of this organism in urine specimens. Therefore, E. coli was used as the primary test organism in these studies.
Urine specimens. Most patients with marked concentrations of leukocytes have significant bacteriuria as well, although about 25% of patients with urinary tract infections do not have leukocytes in urine (4). The leukocytes and other debris must therefore be removed by prefiltering prior to collecting the bacteria to avoid possible interference in the system. Suspensions containing bacteria and leukocytes were filtered either through filter paper or an 8-um membrane filter. Microscopy observation of the filtrates indicated that both of these procedures successfully removed the leukocytes. Similar results were noted with urine specimens.
There was no significant difference in measurements on bacteria suspensions treated in this manner compared to controls which had not been prefiltered before washing.
In preliminary experiments, thirty urine specimens were obtained from clinical microbiology laboratory as soon as possible after they were received. These were prefiltered, washed, and resuspended as previously described. The electrical measurements were recorded and the bacterial concentrations calculated by comparing the output voltages with the curve in Fig. 4 , which was utilized as a nomograph. Spread plates were also made. There was an excellent correlation between the plate counts and these extrapolated concentrations with 28 of the 30 specimens. In two, spreading organisms (probably Proteus) obscured the plate counts so that accurate plate counts could not be obtained for a correlation with the impedance measurements.
The clinical microbiology laboratory used calibrated loops and recorded results in terms of i with 105 cells per ml or greater considered as a positive culture unless an exact count was specifically ordered. Our results showed a 90% correlation with those specimens which had been recorded as positive. We also found several specimens containing 103 and 104 cells per ml which were reported as negative by the laboratory. When monitoring patients being treated for a bacteriuria, detecting these lower concentrations would be very important since it would indicate that the therapy was not sucessfully erradicating the infection.
It has been shown with relatively simple instrumentation that a positive relationship exists between the concentration of bacteria and voltage changes. The correlation with urine specimens considered positive by the clinical microbiology laboratory is excellent. Since growth is not required for this procedure, the technician can determine whether or not a patient has a bacteriuria within 10 to 15 min.
It was mandatory to use distilled water in this procedure. The presence of electrolytes, such as NaCl or a growth medium, would be analogous to forming a direct short across the circuit. Therefore, applications such as those described by Cady and Dufour (2; Abstr. Annu. Meet. Amer. Soc. Microbiol. 1974, E43, p. 8), Ur (12) and Ur and Brown (12, 13) which monitor accumulation of metabolites would not be feasible at present with this instrument. However, future areas for testing could include determining bacterial concentrations in polluted water, sewage, milk, and other liquid specimens apt to contain bacteria.
